We present a detailed analysis of the heavy-to-light semileptonic decays of the Λ b and Λc baryons Λ b → pℓ −ν ℓ and Λc → nℓ + ν ℓ in the covariant confined quark model. We calculate the invariant and helicity amplitudes of the two processes which are then used to analyze their angular decay distributions, their rates and asymmetry parameters.
I Introduction
Heavy-to-light semileptonic decays of heavy baryons are important physical processes for the determination of the Cabibbo-Kobayashi-Maskawa (CKM) matrix elements. In particular, a study of the exclusive decay Λ b → pµ −ν e at the Large Hadron Collider (LHC) affords the opportunity to determine the CKM matrix element |V ub |. A discrepancy between the extractions of |V ub | from the exclusive and inclusive semileptonic B meson decays at the B factories [1] is a long-standing puzzle in the heavy flavor sector of the Standard Model. Presently, the Particle Data Group [1] 
The exclusive result for |V ub | was extracted from using data from the Belle [2] and BABAR [3] Collaborations for the semileptonicB → π + ℓ −ν ℓ decay rate together with calculations for the B → π transition form factors in lattice QCD [4] . Compared to the B meson semileptonic decays the baryon transition Λ b → p has an edge over the meson decay because the final state proton has a very distinct experimental signature. It is therefore important to provide a thorough theoretical decay analysis of the decay Λ b → pℓ −ν ℓ starting from a determination of the vector and axial form factors describing the current-induced Λ b → p transition matrix element. The calculation of the Λ b → p form factors has been performed before using different versions of QCD sum rules [5] - [10] , quark models [11] - [14] and lattice QCD [15] . In this paper we present calculations for the form factors characterizing the Λ b → pℓ −ν ℓ and Λ c → nℓ + ν ℓ transitions covariant confined quark model [16] - [23] .
II Λ b → pℓ −ν ℓ and Λ c → nℓ + ν ℓ matrix elements and observables
The effective Fermi Lagrangian for the semileptonic transitions b → uℓ −ν ℓ and c → dℓ + ν ℓ reads
where O µ = γ µ (1 − γ 5 ) and V′ are the Kobayashi-Maskawa matrix elements (|V ub | = 0.00389, |V cd | = 0.230).
This Lagrangian generates transitions on the quark level which in turn determine the heavy-to-light baryon transition matrix elements. The corresponding matrix elements of the exclusive transition Λ b → pℓ −ν ℓ and Λ c → nℓ
where j µ ℓ is the leptonic current formed by the corresponding charged lepton and (anti) neutrino. The hadronic matrix elements p|ūO µ b|Λ b and n|dO µ c|Λ c in (3) can be written in terms of six dimensionless, invariant form factors f J i (i = 1, 2, 3 and J = V, A), viz.
where q = p 1 − p 2 . Since we will also discuss lepton mass effects it is necessary to also include the scalar form factors f V 3 and f A 3 in the expansion (4) . The details of how to calculate the six form factors in the covariant confined quark model approach was discussed in our previous paper [22, 23] .
It is convenient to analyze the semileptonic decays of heavy baryons in terms of helicity amplitudes H λ2λj which are linearly related to the invariant form factors f V i and f A i (see details in Refs. [22] [23] [24] [25] [26] ). Here we shall employ a generic notation such that the parent and daughter baryons are denoted by B 1 and B 2 . The helicities of the daughter baryon B 2 and the effective current are denoted by λ 2 and λ j , respectively. The pertinent relation is
The helicity amplitudes have been split into their vector (H V λ2λj ) and axial-vector (H A λ2λj ) parts. We shall work in the rest frame of the parent baryon B 1 with the daughter baryon B 2 moving in the negative z-direction such that p
Further we use the following definitions of kinematical
, where q 2 is the momentum squared transfered to the leptonic pair. We have introduced the notation
Angular momentum conservation fixes the helicity λ 1 of the parent baryon such that λ 1 = −λ 2 + λ j . The relations between the helicity amplitudes H V,A λ2λj and the invariant amplitudes are given by [22, 23] 
longitudinal-scalar interference (pc) .
We have indicated the parity properties of the seven combinations in round brackets. The partial helicity width Γ I and branching ratio B I corresponding to one of the seven specific combinations of differential helicity amplitudes in (7) are defined as 
and
where the plus/minus signs refers to the Λ b → pℓ −ν ℓ and Λ c → nℓ + ν ℓ cases, respectively [26] .
III The Λ Q → N transitions in the covariant confined quark model
For the description of the couplings of the heavy baryons Λ Q (Q = b, c) and nucleons to their constituent quarks we employ generic Lagrangians which [12, 20, 27] 
The color index is denoted by a and C = γ 0 γ 2 is the charge conjugation matrix. In the Λ Q baryon case we take the u and d quarks to be in a S = 0 and I = 0 [ud] diquark configuration antisymmetric in spin and isospin. In case of the nucleon we use an interpolating current of the the so-called vector current variety [20] , which contains two u quarks (in case of the proton) or two d quarks (in case of the neutron) in a symmetric diquark configuration with spin and isospin equal to 1. The nonlocal vertex functions in momentum space are denoted byΦ H (−P 2 ) and are obtained from the Fourier transformations of the vertex functions F H entering in Eqs. (11) and (12) . In the numerical calculations we choose a simple Gaussian form for the vertex functions (for both mesons and baryons):
where Λ H is a size parameter describing the size of the distribution of the quarks inside a given hadron H. The values for these parameters were fixed before in [19] [20] [21] [22] [23] . We would like to stress that the Minkowskian momentum variable P 2 turns into the Euclidean form − P 2 E needed for the the appropriate fall-off behavior of the correlation function (13) in the Euclidean region. We emphasize that any choice for the correlation functionΦ H is acceptable as long as it falls off sufficiently fast in the ultraviolet region of Euclidean space. The choice of a Gaussian form forΦ H has obvious calculational advantages.
For given values of the size parameters Λ H the coupling constants g ΛQ and g N are determined by the compositeness condition suggested by Weinberg [28] and Salam [29] (for a review, see [30] ) and extensively used in our approach (for details, see [31] ). The compositeness condition implies that the renormalization constant of the hadron wave function is set equal to zero:
where Σ ′ H is the on-shell derivative of the hadron mass function Σ H with respect to its momentum. In Fig. 2 we present as an example the diagram corresponding to the mass operator of the Λ Q baryon. The compositeness condition can be seen to provide for the correct charge normalization for a charged bound state (see e.g. [19] ).
How to calculate the matrix element of the baryonic transitions has been discussed in detail in our previous papers [20, 22, 23] . In our approach semileptonic transitions between baryons are described by a two-loop Feynmantype diagram involving nonlocal vertex functions as shown in Fig. 2 .
In the calculation of quark-loop diagram (Fig. 2) we use the set of model parameters fixed in our previous studies. The model parameters are the constituent quark masses m q and the infrared cutoff parameter λ responsible for quark confinement. They are taken from a fit done in the papers [19] [20] [21] 
The dimensional size parameters Λ in Eq. (13) and the dimensionless parameter x N in Eq. (12) characterizing the vector and tensor current mixing have been determined in [20, 22] by a fit to the magnetic moments of nucleons and to the semileptonic decays Λ b → Λ c ℓ −ν ℓ and Λ c → Λℓ + ν ℓ . The resulting values are It should be clear that the evaluation of the form factors is technically quite intricate. It involves the calculation of a two-loop Feynman diagram with a complex spin structure resulting from the quark propagators and the vertex functions which leads to a number of two-loop tensor integrals. In order to tackle this difficult task we have automated the calculation in the form of FORM and FORTRAN packages written for this purpose.
The q 2 -behavior of the form factors are shown in Figs. (3) - (6). The results of our numerical calculations are well represented by a double-pole parametrization of the form
Using such a parametrization accelerates the necessary q 2 -integrations which can be done using the parametrization (17) In TABLES III and IV we list our form factor results for q 2 = 0 and q 2 = q 2 max and compare them to the results of the light-front diquark model calculation of [14] and the QCD light-cone sum rules of [10] .
It is interesting to explore how the present form factors are related to the corresponding charged or neutral current form factors Λ Q → Λ. In the limit of SU (3) the Λ Q → Λ and Λ Q → N (N = p, n) form factors are related by F (Λ Q → Λ) = 2/3 F (Λ Q → N ). This can be seen by using the3 ⊗ 3 → 8 Clebsch-Gordan table listed in [32] . Based on the observation that the [ud] diquark is the (Y = 2/3, I = 0) member of the3 multiplet one needs the C.G. coefficients
The labelling in (18) proceeds according to the sequence | R, Y, I, I z > where R denotes the relevant SU (3) representation. As a check on our calculations we have obtained the same result analytically in the SU (3) limit by setting
Our predictions for the branching ratios of the heavy-to-light transitions are listed in TABLE V. In TABLES VI and VII we compare our results for the rates (in units of (|V′ | 2 ps −1 )) with the predictions of other theoretical approaches. We use the compilations of results given in Ref. [9] . The results for the lepton-side asymmetry parameters α ℓ FB are shown in TABLE VIII. (17) for the Λ b → p transitions. (17) for the Λc → n transitions. [10, 14] . [10, 14] . 
IV Summary
We have used the covariant constituent quark model previously developed by us to calculate semileptonic heavy-tolight transitions of Λ b and Λ c baryons. We have performed a detailed analysis of the invariant and helicity amplitudes, form factors, angular decay distributions, decay widths and asymmetry parameters. Following our previous papers [22, 23, 26, 33] we have used the helicity method in our analysis to provide complete information on the spin structure of the baryons and the off-shell W boson. We have not provided an analysis of the polarization of the charged lepton which, however, can be obtained in a straight-forward manner using the helicity method as described in [26] . Our predictions will be useful for the ongoing experimental study of semileptonic heavy-to-light baryon decays. [10] ; 20.5 [5] ; 25.8 [6] ; 36.5 [7] ; 56.2 [7] ; 250 ± 85 [9] ; 235 ± 85 [9] ; 478 ± 175 [9] ; 384 ± 125 [9] Λ b → pτ −ν τ 9.6 4.01 [13] ; 6.55 [13] ; 312 ± 105 [9] ; 208 ± 70 [9] ; 646 ± 215 [9] ; 193 ± 70 [9] [12] ; 0.20 [13] ; 0.27 [13] 8.21 ± 2.80 [9] ; 3.82 ± 1.20 [9] ; 1.44 ± 0.55 [9] ; 2.51 ± 0.85 [9] Λc → nµ + νµ 0.19 0.26 [12] ; 0.20 [13] ; 0.27 [13] 8.30 ± 2.85 [9] ; 3.88 ± 1.25 [9] ; 1.46 ± 0.55 [9] ; 2.51 ± 0.85 [9] 
